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Abstract 

Rabies virus is not a single entity but consists of a wide array of variants that are each associated with different host species. 
These viruses differ greatly in the antigenic makeup of their G proteins, the primary determinant of pathogenicity and major 
inducer of protective immunity. Due to this diversity, existing rabies vaccines have largely been targeted to individual animal 
species. In this report, a novel approach to the development of rabies vaccines using genetically modified, reverse-engineered live 
attenuated rabies viruses is described. This approach entails the engineering of vaccine rabies virus containing G proteins from 
virulent strains and modification of the G protein to further reduce pathogenicity. Strategies employed included exchange of the 
arginine at position 333 for glutamine and modification of the cytoplasmic domain. The recombinant viruses obtained were 
non-neuroinvasive when administered via a peripheral route. The ability to confer protective immunity depended largely upon 
conservation of the G protein antigenic structure between the vaccine and challenge virus, as well as on the route of immimization. 
© 2001 Elsevier Science Ltd. All rights reserved. 



1. Introduction 

Rabies is a worldwide public health problem. While 
in most developing countries . dogs represeiit the; major 
rabies reservoir, in North America, reservoirs of rabies 
exist in many diverse animal species [1,2]. The most 
frequently reported rabid wildlife species in the USA 
are raccoons (50.5%) followed by skunks (24.0%) [2]. 
Outbreaks of rabies infections in these terrestrial mam- 
mals are foimd in broad geographic areas in the United 
States [1]. Oral immunization of stray dogs and wildlife 
against rabies is the most effective method to control 
and eventually eradicate rabies [3]. In this regard, sig- 
nificant progress has been made in the development of 
oral rabies vaccines for the control of vulpine rabies [4]. 
However, while oral immimization with conventional 
modified-live vaccines such as SAD B19, SAG-2, or 
poxvirus-rabies glycoprotein recombinant vaccines are 
very effective in foxes [4], they do not immunize skunks 
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or induce only low seroconversion by the oral route [5]. 
Moreover, very high doses of these vaccines are neces- 
sary to induce protective immimity after oral immu- 
nization of dogs [6] which makes an oral field 
vaccination, for economical reason, impractical. There- 
fore, in order to control wildHfe rabies, more potent, 
cost-effective live rabies vaccines must be developed. 

In addition to virus-neutralizing antibody (VNA), 
which are believed to be the major immune effectors 
against rabies [7], rabies virus antigen-specific CD4"*' 
and CDS'*" T cells [8], as well as innate mechanisms [9] 
play an important role in the immime defense against 
rabies. Since VNA is induced by the rabies virus G and 
cellular responses such as CD8"^ T cells are predomi- 
nantly triggered by the internal rabies virus proteins, 
live rabies virus represents the best immimogen that can 
confer optimal protective immunity after a single inocu- 
lation. However, a live rabies vaccine that can be used 
under field conditions must be safe for humans, the 
target species, and any other animal species that can 
come in contact with the vaccine. Therefore, to be 
useful as a vaccine strain, pathogenicity of the virus 
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must be highly attenuated without affecting the anti- 
genic and immunogenic properties of the virus. 

It was earlier shown that the rabies virxis G is a 
major contributor to the pathogenicity of the virus 
[10-12]. Several G-associated pathogenic mechanisms 
have been identified, for e.g. (1) G must interact effec- 
tively with cell surface molecules that can mediate rapid 
virus uptake [13-16]; (2) G must interact optimally 
with the RNP-M complex for efficient virus budding 
[17-19]; and (3) expression levels of G must be con- 
trolled to prevent over-expression, which causes func- 
tional impairment of the infected neuron [11]. We used 
different modified rabies virus G genes to engineer 
rabies recombinant viruses, which exhibited a marked 
decrease in virus uptake or virus egress and a higher 
replication efficiency and higher G expression levels 
than wild-type viruses [19J. These recombinant viruses 
were found to be nonpathogenic after intramuscular 
inoculation but differed greatly in their ability to induce 
protective immxmity. 



2. Materials and methods 

2i. Viruses 

CVS-N2C and CVS-B2c are subclones of the mouse- 
adapted CVS-24 rabies virus [20]. SHBRV-18 virus is a 
silver-haired bat-associated street rabies virus strain 
and DRV-7 is a dog-associated street rabies virus strain 
both isolated from human rabies victims [21]. SN-10 is 
a non-pathogenic virus strain derived from SAD B19 
[19,22]. The generation of the recombinant rabies 
viruses R-B2c, R-N2c, and R-SHB18 is described else- 
where [19]. To obtain SNlO-333, R-N2c-333, and R- 
B2C-333, arg 333 of G was replaced with gin by 
site-directed mutagenesis. To construct R-N2cT recom- 
binant virus cDNA clone containing replaced sequences 
of the G cytoplasmic domain, a cDNA fragment corre- 
sponding to the ectoplasmic domain of CVS-N2c G 
was amplified with the CVS-Sma5 primer (5'-TTTCC- 
CGGGAAGAIGGTTCCTCAGGTTCTTTTG-3'; S- 
mal site in boldface, start codon underlined) and 
N2C-Afl3 primer (S'.CTTCTGCAACATGTCATTA- 
GGGAAAATATC-3'; Afllll site in boldface; this 
primer introduced an Afllll restriction site in cytoplas- 
mic domain of the CVS-N2c G gene), and was ligated 
with the cDNA fragment corresponding to the cyto- 
plasmic domain (Afllll site) of SHBRV-18 G gene. The 
ligated fragment was amplified with primers CVS-Sma5 
and B18-Nhe3 (5 -GGGCTAGCTCACATCCCGGT- 
CTCACTTT-3'; Nhel site in boldface, stop codon un- 
derlined). The PGR product was cloned into the Smal 
and Nhel sites of pSN plasmid and the resulting plas- 
mid was designated pR-N2cT. Recombinant viruses 
were rescued as described [19]. 



2.2. Virus infect ivity assay 

Infectivity assays were performed at 34 or 37**C on 
monolayers of NA cells in 96-well plates as earlier 
described [23]. All titrations were carried out in 
triplicate, 

13. Determination of neutralizing antibody (VNA) 

The CVS-B2C, CVS-N2c, and SHBRy-18 virus 
stocks were calibrated to 10^ focus forming imits (FFU) 
per ml and then treated with serial dilutions of mouse 
sera. The neutralization test was performed as described 
[23]. Neutralization titers were defined as the inverse of 
the highest serum dilution that neutralizes 50% of the 
challenge virus. 

2.4. Analysis of rabies virus RNP-specific antibodies in 
ELISA 

RNP-specific antibodies were assessed in solid 
ELISA. Plates (PolySorb™, Nunc) were coated at room 
temperature in a humidified chamber overnight with 5 
|ig/ml rabies virus nucleoprotein diluted in phosphate- 
buffered saline (PBS). The plates were blocked with 5% 
powdered milk in PBS containing 0.05% Tween20 
(PBS-Tween) prior to the addition of seriun samples. 
Following incubation at room temperature for 2 h, the 
plates were washed three times to remove unbound 
primary antibody followed by the addition of 
horseradish peroxidase-conjugated (HRP) goat anti- 
mouse-IgG (H + L) secondary antibody (1:5000, Jack- 
son ImmunoResearch Laboratories) for 1 h at room 
temperature. After 1 h incubation at room temperature, 
plates were washed three times and 200 |il OPD-sub- 
strate (o-phenylenediamine dihydrochloride, Sigma) 
was added to each well. The reaction was stopped by 
the addition of 50 ^1 of 3 M H2SO4 per well. 

Absorbance values were read in a microplate spec- 
trophotometer (Biotek, Winooski, VT) at 450 nm. 

2. J. Pathogenicity studies in mice 

Groups of ten 8-10 week-old female Swiss Webster 
mice (Taconic Farms, NY) were infected intracranially 
(i.e.) with 10 fil containing 10"* infectious particles or 
into the gastrocnemius muscle (i.m.) with 100 |il con- 
taining 10*^ infectious particles of the different virus 
strains. After infection, the mice were observed daily 
for 4 weeks and the mortality was calculated from the 
percentage of surviving animals in each group. Rag-2 
mice: Groups of ten mice were injected with 100 jxl 
containing 10^ FFU of SNIO, SNlO-333, R-B2c-333 
into the gastrocnemius muscle. Mice injected with PBS 
served as controls. 
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2.6. Immunization and virus challenge 

Groups of ten 8-10 week-old female Swiss Webster 
mice (Taconic Farms, NY) were inoculated i.m. with 
100 |jI of serial 1:10 dilutions of live rabies recombinant 
viruses and 10 days later the animals were infected i.e. 
vn\h 10 [il containing 100 i.e. LD50 of CVS-N2c, DRV- 
7, or SHBRV-18 challenge virus. The mice were then 
observed for 4 weeks for the development of clinical 
signs. The 50% effective dose (ED50) was calculated as 
described [24], To immxmize mice orally, 50 |il contain- 
ing 10^ FFU of recombinant virus was instilled into the 
buccal cavity of groups of ten mice and mice were 
eye-bled 2 weeks later and challenged with 100 LD50 of 
CVS-N2c i.c. Mice were euthanized at onset of neuro- 
logical signs (paralysis). 

2.7. Modified NIH test for potency 

Groups of ten mice were immimized with different 
dilution of the vaccine under test. Ten days after vacci- 
nation, the immimized animals and a control group of 
mice are challenged i.c. with the respective challenge 
virus as indicated. 

2.8. Statistics 

VNA and ELISA titers are indicated as arithmetic 
mean titer and standard errors are indicated as error 
bars. Titers within the groups were compared using 
two-sample f-test (Student's /-test) and statistical sig- 
nificant differences (P < 0.05) are indicated by a star. 



3. Results 

3.1. Pathogenicity of rabies recombinant viruses 

We recently reported the generation and phenotypic 
characterization of several recombinant rabies viruses 
that could potentially be useful for vaccination [19], 
The rabies virus glycoproteins of three highly neuroin- 
vasive and neurotropic RV strains SHBRV-18, CVS- 
N2c and CVS-B2c were introduced into the RV vaccine 
strain SN-10. The new viruses were designated R- 
SHB18, R-N2c and R-B2c (Fig. 1). Even though patho- 
genicity of all three recombinant viruses was markedly 
lower than that of the wild-type viruses, R-N2c and 
R-B2c were still pathogenic after peripheral administra- 
tion in mice (Fig. 2A), It has been earlier shown that an 
exchange of an arginine at position 333 to glutamine 
within the RV G protein attenuates certain RV strains 
[4,10]. We, therefore, introduced this mutation within 
the G protein of R-B2c and R-N2c (R-N2c-333 and 
R-B2C-333, see Fig. 1). In contrast to R-B2c-333, the 
same mutation in RN2c-333 G did not result in a 
reduction of pathogenicity (Fig. 2A). We, therefore, 
applied another method to attenuate R-N2c. Our ear- 
lier results indicated that the attenuation of R-SHB18 
resulted from a delay in virus production, probably 
caused by a sub-optimal interaction of the SHB18 G 
cytoplasmic tail with the internal viral proteins of SN- 
10. We, therefore, exchanged the cytoplasmic domain 
of the R-N2c glycoprotein with that of the SHB18 G 
protein resulting in the recombinant 4WiWteM£^yAs 
expected, a reduced budding efficiency was observed for 



SNIO 3' < N r^-T TNni C vplT L » 5» 
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R-SHB 18 3. i N I p II M l UWtttMiy H — l b y 

R.N2C r j N y p y M y^y H l b y 

R-N2C-333 k i p Fm I t^rfsa-yH l U s' 

R-N2CT v r-N-r -p-TMn ^ l b 5' 

R-B2C N y F yM y ii iiiii«.»h — l b s' 

R-B2C-333 w » > T m yilllllllfllll«gH t bs' 



Fig. 1. Diagram showing the design of recombinant rabies virus. Using reverse genetics, the G protein gene of the SN-10 strain (SNIO) was 
removed and replaced by the G protein gene of the SHBRV-18. CVS-N2c. or CVS-B2c resulting in the recombinant viruses R-N2c, R-B2c, and 
R-SHB18. R-N2cT was obtained by replacing the cytoplasmic tail of its G protein with that of the SHBRV-18 G protein. ♦ indicates the 
introduction of an arg-^gln mutation at position 333 of the G protein of SNIO (SNlO-333, R-N2c (R-N2c-333), and R-B2c {R-B2c-333). 
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Fig. 2. (A) Pathogenicity indices of rabies recombinant viruses and 
the corresponding parental viruses. Pathogenicity index was defined 
as intramuscular LD50 determined in 8-week-old Swiss Webster mice 
divided by the virus titer determined in mouse neuroblastoma (NA) 
cells. (B) Pathogenicity of rabies recombinant viruses in Rag-2 mice. 
Groups of ten mice were injected with 100 containing 10*^ FFU of 
SNIO, SNlO-333, R-B2o-333 into the gastrocnemius muscle. Mice 
injected with PBS served as controls. 

R-N2cT compared with R-N2c (data not shown) resxJt- 
ing in a substantial reduction of the pathogenicity index 
(Fig. 2A). If a direct i.e. administration is used, even 
attenuated viruses, which do not kill when injected via 
a peripheral route, cause lethd disease in the majority 
of the infected animals [10,12]. As can be seen in Table 



Table 1 

Pathogenicity of rabies recombinant viruses 



Vaccine strain 


% Mortality 
i.m.^ 


i.c.»> 


R-SHB18 


0 


.90 


R-N2cT 


0 


90 


R.B2o333 


0 


10 


SNIO 


0 


100 


SNlO-333 


0 


0 



Groups of 20 mice were injected with 10^ FFU into the gastrocn- 
emius muscle. 

** Groups of 20 mice were injected with 10-^ FFU into the brain. 



1, this is the case for R-SHB18, R-N2cT, and SNIO. In 
contrast, i.e. administration of 10^ infectious particles 
of R-B2C-333 caused only 10% mortality and an SNIO 
variant with an arg^^^ gln^^^ mutation within the G 
protein (SNlO-333) was completely non-pathogenic. 
The strong reduction in the pathogenicity of the arg333 
mutants is further seen after i.m. infection of Rag-2 
mice, which are deficient in both T and B cells (Fig. 
2B). While 90% of Rag-2 mice injected v^dth the RV 
vaccine strain SNIO succumbed to infection within 18 
days p.i., 80% of the SN 10-333 infected mice and 50% 
of the R-B2c-333 infected mice were still healthy and 
showed no loss of body weight 30 days p.i. We were 
unable to isolate virus or to detect viral RNA in Rag-2 
mice, which survived the infection (data not shown). 

3,2, Antibody responses following intramuscular 
vaccination with attenuated rabies viruses 

Next, we analyzed the four most attenuated recombi- 
nant RVs R-SHB18, R-N2cT, R-B2c-333 and SNlO- 
333 for their usefulness as a live-attenuated RV vaccine. 
Since all of these viruses share the same proteins except 
for G, we assessed the antibody response to the RNP as 
a general index of virus replication with respect to 
antigenic mass and inununogenicity (RNP, Fig. 3A). 
The amount of a-RNP antibodies most likely parallels 
the quantity of viral antigens produced after immuniza- 
tion [25]. Anti-RNP titers obtained with the different 
vaccine strains were similar in mice immxmized i.m. 
with the higher vaccine concentrations (5 x 10^ and 
5 X 10^ FFU). These data suggest that the replication 
efficiency of the vaccine strains used showed no statisti- 
cal significant difference after i.m. immunization. How- 
ever, in the case of oral immunization, the induction of 
anti-RNP antibody titers depended largely on the virus 
used for vaccination. Lowest anti-RNP antibody titers 
were seen in the group of mice immunized with R- 
SHB18, indicating that this virus replicates poorly after 
oral application (Fig. 4A). 

Since rabies virus VNA are considered to be the 
major immune effectors against rabies [7,8], we next 
determined VNA titers in mice immunized with differ- 
ent doses of our recombinant RVs (R-SHB18, SNlO- 
333, R-B2C-333, and R-N2cT) against tissue 
culture-adapted rabies virus strains that are known to 
have distinct G structure [CVS-B2c (Fig. 3B), CVS-N2c 
(Fig. 3C), and SHBRV-18 (Fig. 3D)]. The results show 
that at the higher vaccine concentrations (5x10^ and 
5 X 10^ FFU), all four recombinant viruses induced 
VNA titers against all three in vitro challenge viruses. 
Differences in VNA titers were observed at the lower 
doses of recombinant viruses (5 x 10^ and 5 x 10^ 
FFU). In this case, VNA titers of sera from mice 
immunized with R-N2cT were highest against the ho- 
mologous CVS-N2C (Fig. 3C). On the other hand, the 
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5x10* 5x10^ 5x10^ 5x103 5^102 
Vaccine concentration (FFU) 

■ R-SHB18 S R-B2C-333 
□ SNlO-333 □ R-N2cT 

Fig. 3. Anti-RNP ELISA and VNA titers in mice inununized with 
live rabies recombinant viruses, (A) Groups of ten 8-week-old Swiss 
Webster mice were inoculated i.m. with different concentrations of 
R-SHB18, SNlO-333, R-B2c-333 and R-N2cT. Mice were bled 10 
days after immunization and ELISA titers were determined in 96-well 
plates coated with SNIO RNP. (B-D) VNA titers were determined on 
NA cells grown in 96-well plates, using CVS-B2c (B), CVS-N2c (Q, 
or SHBRV-18 (D) as challenge viruses. VNA and ELISA titers are 
indicated as arithmetic mean titer from ten mice and standard errors 
are indicated as error bars. Titers within the groups were compared 
using two-sample /-test and statistical signiiicant differences (P< 
0.05) are indicated by a star. 



highest VNA titers against SHBRV-18 were produced 
in mice immunized with R-B2c-333 (Fig. 3D). While 
oral immunization with SNlO-333, R-B2c-333, and R- 
N2cT also resulted in the production of high VNA 



titers, the same amount of R-SHB18 vaccine induced 
only very low VNA titers after oral administration (Fig. 
4B). These data demonstrate that homology of the G 
proteins between vaccine strain and challenge virus 
does not necessarily yield the highest VNA titers and 
that the quantity of antibody largely depends on the 
ability to replicate sufficiently after a particular inocula- 
tion route. 




SNlO-333 R-B2C-333 R-N2cT R-SHB18 
Vaccine 



Vaccine 

SNlO-333 
R-B2C-333 
R-N2cT 

^ R-SHB18 

— CTR 




4 6 8 10 12 14 16 18 20 
Days after infection 

Fig. 4. Anti-RNP ELISA titers (A), VNA titers (B), and protection 
against i.e. challenge infection (Q in mice orally immunized with live 
rabies recombinant viruses. About 50 pi containing 10** FFU of 
SNlO-333, R.B2C-333, R-N2cT, or R-5SHB18 was instilled into the 
buccal cavity of groups of ten mice, and mice were bled 2 weeks later. 

(A) AntiRNP ELISA titer was determined as described in Fig. 2A. 

(B) The mean titers of VNA against CVS-B2c, CVS-N2c, and 
SHBRV-18 were determined as described in Fig. 2B. (Q Groups of 
ten mice were immunized orally with 10* infectious recombinant virus 
particles or mock-immunized with saline (control) and 2 weeks later, 
infected i.c. with 100 LD50 of CVS-N2c. Mice were observed for 3 
weeks and mortalities were recorded. 
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5x106 SxlO^ 5x10* 5x103 5x102 0 
Vaccine concentration (FFU) 
■ R-SHB18 Q R.B2C-333 
S SN10.333 □ R.N2cT 



''^ 

Vaccine 



Fig. 5. (A-C) Survivorship in mice immunized with difterent recombinant vaccines and challenged intracranially with different rabies virus strains. 
Groups of ten 8-week-old Swiss Webster mice were immunized i.m. with different concentrations of R-SHB18, SNlO-333. R-B2c-333, and R-N2cT 
and 10 days after immunization, mice were infected i.e. with 100 LD50 of CVS-N2c (A); DRV-7 (B); or SHBRV-18 (Q. Mice were observed for 
4 weeks for clinical signs of rabies and mortalities were recorded. (D-F) The ED50 S was calculated for each vaccine from the mortality and 
survivorship rates in the different vaccination groups after i.e. challenge infection with the mouse-adapted CVS-N2c strain (D); the dog-associated 
DRV-7 strain (F); or the silver-haired bat-associated SHBRV-18 strain (F). 



J J. Protection conferred by infection with recombinant 
rabies viruses 

To determine the level of protection against a lethal 
challenge conferred by the immune response to i.m. 
vaccination with SNlO-333, R-B2c-333, R-N2cT, and 
R-SHB18, we used a modified NIH test for potency. 
After i.m. immimization, mice were challenged i.e. with 
three highly virulent rabies virus strains CVS-N2c, DRV- 
7, SHBRV18 (Fig. 5). Fig. 5A-C show the percent 
survivorship in groups of mice immunized i.m. with 
different doses of the recombinant viruses and infected 
i.e. with each of the three challenge viruses. In the case 
of a CVS-N2c challenge infection (Fig. 5A), the highest 
survivorship was foxmd in the groups of mice immunized 
with homologous R-N2cT. The ED50 of R-N2cT immu- 
nization against CVS-N2c is 5, 10 and 16 times lower 
than the ED50 of R-B2c-333, SN-10-333, and R-SHBIS, 
respectively (Fig. 5D), clearly demonstrating, in this 
instance, the superior protective activity of vaccination 
with homologous G with respect to the challenge virus. 
On the other hand, immimization with heterologous 
R-B2C-333, rather than homologous R-SHB18 resulted 



in the lowest mortality following challenge infection with 
SHBRV-18 (Fig. 5C). The ED50 of R-B2c-333 was 34. 
3, and 6 times lower than those of R-N2cT, SNlO-333, 
and R-SHB18, respectively (Fig. 5F). R-B2c-333 also 
conferred the best protection against challenge with the 
dog-associated rabies virus strain DRV-7 (Fig. 5B). 
Notably, as little as 5 x 10^ virus particles of R-B2c-333 
were sufficient to protect 100% of the animals against 
infection with DRV-7 while even 5 x 10* particles of 
R-5-SHB18 or R-N2cT conferred only incomplete pro- 
tection. The results of these protection experiments 
clearly demonstrate marked differences in the potency of 
live virus vaccines, which are in some cases, but not 
always, related to G homology. 

After oral immunization, the highest level of protec- 
tion against i.e. challenge infection with CVS-N2c was 
seen in the group of mice that received the homologous 
R-N2cT vaccine (Fig. 4C). In contrast, none of the mice 
that were immunized with R-SHB18 survived the virus 
challenge. These vaccine protection data, which correlate 
with the VNA levels shown in Fig. 4B, demonstrate that 
highest levels of protection can be obtained if the 
antigenic makeup of the G protein of the vaccine virus 
is identical to that of the challenge virus. 
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4. Discussion 

A number of effective killed and live attenuated 
rabies vaccines are currently available [4,26]. Neverthe- 
less, large reservoirs of different rabies virus strains 
persist in wild and domestic animals [2,27]; The major 
reasons for this are difficulties, both technically and 
economically, in vaccinating these animals. For the 
most part, killed vaccines are not suitable for wild and 
stray animals because delivery of an appropriate anti- 
genic mass is impossible to guarantee by the necessary 
baiting procedures. Only Hve vaccines can confer suffi- 
cient herd immimity to eliminate the reservoir. An ideal 
vaccine would protect against infection by all of the 
street rabies virus strains that are associated with differ- 
ent mammalian species in diverse geographical loca- 
tions. As described here, antigenic differences between 
vaccine strains and the challenge viruses only become a 
critical factor in vaccine failure when low doses of 
vaccine are administered. Delivery of an appropriate 
vaccine dosage can only be guaranteed by parenteral 
administration. In this case, current vaccines licensed 
for use in hxmians and animals can all likely confer 
protective immimity against a variety of street rabies 
virus strains [28]. Since the amount of vaccine that is 
orally consumed cannot be easily controlled by bait 
delivery, protective immunity must be induced even 
when only a fraction of the vaccine dose is delivered. In 
order to achieve sufficient immunoprotection with only 
a minimal amount of vaccine, the following criteria 
must be fulfilled: (1) the vaccine virus should be able to 
replicate sufficientiy in the recipient so that enough 
viral antigen is presented to the inmiime system; (2) the 
antigenic composition of the vaccine strain and the 
challenge virus should be closely related; and (3) the 
vaccine must confer sufficient protective immunity after 
oral immunization. 

In addition to having optimal efficacy, safety is the 
most important criteria of any live vaccine. Since 
pathogenicity is not only a function of the virus but is 
also largely dependent on the site of infection and the 
immxme status of the host, even the most attenuated 
rabies viruses can potentially cause a lethal en- 
cephalomyelitis [9,29]. As viral neuroinvasiveness is the 
major element of the pathogenesis of rabies, live rabies 
viruses suitable for vaccines must be crippled in this 
ability. 

A major determinant of rabies virus pathogenicity 
involved in virus uptake is located at antigenic site III 
in G [10,12]. In an attempt to achieve further attenua- 
tion, site-directed mutagenesis was used to exchange the 
arginine at position 333 of G for glutamine. This 
substitution completely abolished the pathogenicity of 
SNIO and reduced that of R-B2c dramatically but had 
no effect on either the i.m. or i.e. pathogenicity of 
R-N2c [19]. This indicates that distinct pathogenic at- 



tributes are fractional in different rabies viruses and 
targeting of a single determinant of pathogenicity is not 
sufficient to design a live vaccine strain. It has earlier 
been shown that a mismatch between the cytoplasmic 
domain of G and the RNP-M complex is sufficient to 
attenuate virus [19]. Replacement of the cytoplasmic 
domain of G from RN2c with that of SHBRV-18 
(R-N2cT) rendered the virus apathogenic when admin- 
istered via the intra-muscular route. 

Rabies virus strains differ significantly in their ability 
to infect neuronal and nonneuronal cells [19,21]. This is 
likely to be reflected in quantitatively and qualitatively 
different immxme responses to infection with various 
rabies virus strains. In this investigation we, therefore, 
utilized G from viruses with distinct neurotropisms to 
generate recombinant viruses, which retain the tissue 
specificity of the parent virus [19]. The fact that similar 
antibody responses to RNP were elicited by i.m. infec- 
tion with these recombinants indicates that antigen 
production by these viruses is comparable. The overall 
quantities of neutralizing antibodies produced also ap- 
pears to be equivalent, although there may be some 
differences in specificity for the in vitro challenge 
viruses. Importantly, the highest protection against a 
particular challenge virus was not necessarily dependent 
on G homology between vaccine strain and challenge 
virus. While vaccination with R-N2cT protected best 
against infection with CVS-N2c, R-B2c-333 and not 
R-SHB18, protected best against challenge with 
SHBRV-18. Neither the VNA response pattern nor 
homology between the Gs of the vaccine and challenge 
virus were incontrovertible indicators of protective im- 
munity. For example, while i.m. vaccination with either 
R-SHB18 or R-N2cT induced comparable VNA levels 
against CVS-N2c, the protective effect of R-SHB18 was 
16-fold less than R-N2cT. Conversely, i.m. vaccination 
with R-SHBV18 protected 4-fold less against challenge 
witii SHBRV-18 than vaccination with R-B2c-333, 
These findings support the notion that there may be 
qualitative differences in protective capacity between 
different antibody populations as seen with monoclonal 
antibodies [30]. Alternatively, there may be differences 
in the induction of cell mediated immune mechanisms. 
In regard to oral immunization of free ranging animals, 
the results obtained from oral inmiunization experi- 
ments using recombinant vaccines in mice are promis- 
ing. These data show that after i.m. immunization 
maximal protective immimity can be induced when the 
antigenic makeup of the G protein of the vaccine virus 
is identical to that of the challenge virus. On the other 
hand, these data also show that in order to be useful as 
an oral vaccine, the recombinant virus must be able to 
replicate sufficientiy not only after parenteral inocula- 
tion but more importantiy after oral administration. 

The experience obtained with immxmization of foxes 
in Europe with SAD-B19 indicates that natural reser- 
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voirs of rabies can be eliminated using live, non-neu- 
roinvasive. rabies viruses for vaccination. Conventional 
attenuated rabies vaccines, which have been derived 
from virulent strains by a selection procedure, consists 
of mixed populations of virus where minor constituents 
may retain pathogenicity. This has been demonstrated 
with CVS-24 which is composed of at least two variants 
with distinct pathogenic properties, CVS-B2c and CVS- 
N2c, each of which can be the dominant population 
depending upon the environment [20J. This may explain 
how conventional attenuated rabies vaccines may have 
occasionally caused unexpected lethal infections [5,31]. 
The possibility that a pathogenic variant will emerge in 
an engineered live recombinant vaccine is considerably 
more remote because the latter are derived from cloned 
cDNA with multiple, defined modifications. Using this 
approach, a recombinant rabies virus can be engineered 
to express the ectodomain of a G, which will induce a 
fully protective immune response in animals after pe- 
ripheral challenge, yet not invade the CNS and cause 
lethal disease. This method will provide effective vac- 
cines for particular rabies virus reservoirs. We also 
apply these results to our approach with RV-based 
vectors. We described a recombinant RV expressing 
HIV-1 gpl60 in addition to the five other RV proteins 
[32]. Using the same approach we are currently con- 
structing recombinant RV expressing G proteins from 
different RV strains and anal3^e, if this method will 
confer protective immunity against broader range of 
RV strains. 
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